In this paper we work in the framework of a radiative seesaw model with triplet fermion Σ. Due to the Z 2 discrete flavor symmetry, the lightest neutral component of Σ is stable and thus can be a dark matter candidate. Its mass can be solely determined by the dark matter relic abundance, which is bout 2.594 TeV. The model also predict a dark matter-nucleus scattering cross section that would be accessible with future dark matter direct detection searches. We further investigate constraints on the parameter space of the model from the lepton-flavor-violating processes and neutrino transition magnetic moments, induced by the Yukawa interaction of the Σ with the lefthanded lepton doublets. . * Electronic address: chaow@physics.wisc.edu
I. INTRODUCTION
Although the Standard Model (SM) is in spectacular agreement with the results of most terrestrial experiments, it is certainly fundamentally incomplete. The observation of neutrino oscillations has revealed that neutrinos have non-zero masses and lepton flavors are mixed [1] . This is a conclusive evidence of new physics beyond the SM. Besides, precisely cosmological observations have confirmed the existence of non-baryonic cold dark matter:
Ω D h 2 = 0.1123 ± 0.0035 [2] . Together with the cosmic baryon asymmetry, these important discoveries can not be accommodated in the minimal SM without introducing new ingredients.
In order to generate tiny neutrino masses, one may extend the SM by introducing three right-handed neutrinos having large Majorana masses. Through Yukawa interactions of the right-handed neutrinos with the SM lepton doublets, three active neutrinos then acquire tiny Majorana masses as given by the Type-I seesaw formula: [3] , where M ν is the mass matrix of light neutrinos, M D is the neutrino Dirac mass matrix linking the left-handed active neutrinos with the right-handed neutrinos, M R is the mass matrix of right-handed neutrinos. Actually, there are three types of tree level seesaw scenarios [3] [4] [5] as well as three radiative seesaw scenarios [6] [7] [8] which may generate Majorana masses for active neutrinos with the help of dimension-5 Weinberg operator.
Compared with the tree level seesaw models, in which super-heavy seesaw particles have to be introduced, radiative seesaw models have the following two merits: (i) The radiative seesaw models, in which the seesaw particles are usually of the TeV scale and may have large Yukawa interactions with the SM particles, can be tested by the Large Hadron Collider (LHC), while the seesaw particles from the canonical tree level seesaw models are usually too heavy to be accessible with the LHC; (ii) The neutral component of seesaw particles in the radiative seesaw models can be stable due to a Z 2 discrete flavor symmetry and thus can be the cold dark matter candidate. This builds a novel connection between the dark matter and the neutrino physics.
In this paper we focus on a typical radiative seesaw model [9] , which extends the SM with at least two Y = 0 fermion triplets Σ, one inert Higgs doublet Φ, as well as a Z 2 discrete flavor symmetry. Assuming only Σ and Φ are odd under the Z 2 symmetry and M Σ < M Φ , the Σ 0 can be the cold dark matter candidate. Further assuming the gauge interactions instead of the Yukawa interactions of the Σ dominate its annihilation and co-annihilation in the early universe. Then the mass of Σ as well as its scattering cross section with the nucleon can be solely determined by the dark matter relic density, as that in the minimal dark matter model [12] . We further study constraints on the parameter space of the model through the lepton-flavor-violating processes and neutrino transition magnetic moments.
Our results show that the free parameters of the model can be precisely constrained by these processes.
The paper is organized as follows: Section II is a brief introduction to the model. We study the dark matter phenomenology, lepton flavor violations and neutrino magnetic moments in section III and IV. Section V is the concluding remarks.
II. THE MODEL
The model [9] 
where λ i are real parameters. Φ 0 = 0 is required to perserve the exact Z 2 symmetry. The
Yukawa interactions for the lepton sector can be given by
where M is the Majorana mass matrix of Σ. There are no Dirac masses linking ℓ L with Σ due to the Z 2 symmetry. In other words, even though Σ have heavy Majorana masses, the canonical seesaw mechanism is not operable. Therefore the active neutrino masses can only be generated at the one-loop level with the exchange of Σ 0 and Φ 0 . The neutrino mass matrix can be written as [10] (
where
)/2 and v = H is the vacuum expectation value of the SM Higgs.
III. DARK MATTER
By assuming M Σ < M Φ , Σ 0 is stable and thus can be the cold dark matter candidate.
Since the dark matter arises as the thermal relic in the early universe, we may compute its abundance as a function of its mass. Then we can fit the dark matter mass with the observed dark matter relic density. The final dark matter abundance can be well approximated as
where T f is the freeze out temperature, T f ∼ M/25, g * is the degrees of freedom in thermal equilibrium at the freeze-out temperature, and s is the total entropy.
The relic abundance of Σ 0 is fully determined by the annihilation and co-annihilation of itself and Σ ± . The most general formulas for the annihilation cross section of the electroweak multiplet dark matter can be found in Ref. [12] . Then the thermal average of the annihilation cross section of Σ 0 can be written as
where g 2 is the gauge coupling constant of SU (2) 
where h is the dimensionless Hubble parameter.
We assume the first term in Eq. (5) We now study the signatures of the fermion triplet in the dark matter direct detections.
According to [12] , the spin-independent cross section of Σ scattering off nucleus can be written 
IV. LFV AND NEUTRINO MAGNETIC MOMENT
In this section, we will study lepton-flavor-violating (LFV) decays, µ − e conversion in various nuclei and neutrino transition magnetic moments in detail. These processes are induced by the Yukawa interaction of the left-handed lepton doublet with right-handed fermion triplet, which can be written as
The Yukawa interaction can be expressed by the component fields as
where the first term is responsible for the origin of tiny neutrino masses with the help of the radiative seesaw mechanism, the second term may contribute to the neutrino transition magnetic moment, while the third and fourth terms can induce the lepton-flavor-violating decays. All these processes will put constraint on the parameter space of Y ij . We will study them in sequence.
We first begin with charged lepton radiative decays. The LFV processes in the type-III seesaw mechanism were already investigated in some references [24] . Here we want to stress that LFV in the radiative seesaw mechanism is different from that in the conventional type-III seesaw model, where there is mixings between the charged lepton and fermion triplet, that may induce flavor changing neutral currents at the tree level. While for the radiative seesaw case, LFV is only the loop-level effects.
The most general amplitude for the µ → eγ takes the form
where p and q are the momenta of muon and photon, and the branching ration is given by
with G F the fermi constant. For our model, we have A L = 0 and
To obtain the µ − e conversion rates on different nuclei. We shall start with the effective four-Fermion effective operators eΓ i µqΓ i q where Γ i is any 4 × 4 Dirac matrices. Following the notation of Ref [16, 23] , we have
RP P L )µqγ 5 q + h.c.
RT σ µν P L )µqσ µν q + h.c. .
For our specific model, we get g
(L,R)(S,P,A,T ) = 0, g
where s W = sin θ W , with θ W the Weinberg angle and
The final branching ration of the µ − e conversion can be written as [23] 
where D(A), V p (A) and V n (A) are overlap integrals as a function of atomic number.
To carry out numerical analysis, we need to parameterize the Yukawa coupling matrix Y with neutrino masses and lepton mixing angles. A general solution for Y can be written as
HereM ν andζ are diagonal matrices withM
where ζ k is defined in Eq. (3). V PMNS is the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix. O satisfies O T O = 1 and can be complex in general. As an illustration, we take λ = 10
, and V PMNS to be the tribimaximal form [17] . We plot in the left panel of correspond to µ → eγ and µ − e conversion in Au, Ti, and S separately. The conclusion is µ → eγ puts the strongest constraint taking into account the current results. On the other hand, sensitivities of prospective future µ − e conversion searches [18] will exceed that of the MEG [19] experiments. Since active neutrinos have non-zero masse, they may have electromagnetic dipole moments, which might be in general sensitive to the unitarity violation of the lepton mixing matrix [20] . For the radiative seesaw model we are interested in, the PMNS matrix is unitary, but the TeV scale triplet fermion may lead to a non-zero electromagnetic form factors at the one-loop level:
We may examine that the magnetic moment of neutrinos is exactly zero due to its Majorana nature, they have only transition magnetic moments. Assuming there are only two generation triplet fermions and the light neutrinos in a normal mass hierarchy, the O can be given
We as the function of ξ by setting ϑ = π/3. We find that the neutrino magnetic moment is of the order 10 −23 µ B , which is much smaller than the current experimental upper bound, µ ν < 0.32 × 10 −10 µ B at the 90% CL [22] .
Given the neutrino form factors in Eq. (20), we may also estimate the decay rate of active neutrinos, which may contribute to the cosmic infrared background in the Universe [21] . The neutrino decay rates is given by
where α is the fine-structure constant. We roughly estimate the decay rate of the process ν 3 → ν 2 γ, which is of the order O(10 −69 ) GeV by setting M Φ = 1.5M 1 and ϑ = π/3.
V. CONCLUSION
In this paper we work in the framework of the radiative seesaw mechanism with fermion triplet and Z 2 discrete flavor symmetry. Assuming M Σ < M Φ , the lightest neutral component of the fermion triplet can be the dark matter candidate. Further assuming it annihilates mainly through the gauge interaction, then its mass is precisely determined by the dark matter relic abundance, which is about 2.594 TeV. We calculated its scattering cross section with nuclei. Lepton flavor violations as well as neutrino transition magnetic moments were also studied. Our results shows that neutrino magnetic moments is too small compared with the experimental value, while lepton flavor violating processes can be accessible with the current and (or) future LFV searches.
